ABSTRACT -The aim of this work was to evaluate attributes of dry mass and root morphology characteristics in lines with contrasting drought resistance (two tolerant and two sensitive) from the Breeding Program of CNPMS (Maize and Sorghum National Research Center), under three levels of aluminum saturation (low, intermediate and high). A randomized blocks design was used, with two replications for each level of Al-saturation. Evaluations were performed at 14 and 28 days after sowing. Root morphology was assessed using the WinRhizo image analysis system. Significant differences were observed for dry matter attributes between lines, especially the sensitive ones. Concerning root morphology, the drought resistant lines presented higher total root length (RL), root surface area (SA), root volume (RV) and greater very thin roots length (VTRL). In conclusion, lines selected for drought resistance can be indirectly selected for aluminum tolerance.
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Acid soils (pH ≤ 5.5) and water deficit are some of the major limitations on agriculture (Tuberosa et al., 2007; Fan et al., 2009) . Studies regarding drought tolerance in maize may lead to improvements in growth and yield of the crop in regions with water deficit (Li et al., 2009) , since maize is known by its high sensitivity to this stress (Vamerali et al., 2003; Welcker et al., 2007) . Moreover, material tolerant to this abiotic stress adds value to the seed for commercialization. In maize, the expansion of the root system to get underground water is one of the main characteristics responsible for tolerance (Hund et al., 2009 ).
Approximately 50% of the cultivable soils in the world are acid and present toxic aluminum (Al) levels (Kochian et al., 2004) . In Brazil, acid soils are mainly found in the Cerrado region, occupying around 204 million hectares (Cançado et al., 2002) .
When present in toxic levels in the soil, aluminum can cause harmful effects to plants, causing damages and delayed growth. Absorption and accumulation of this element in different parts of the plant affect cells and organelles at morphological, cytogenetical and physiological levels, reducing growth, particularly of the root system. Many studies have shown that restriction of root growth is the more rapidly visible symptom of Al toxicity in plants, resulting in the reduction and damage to the root system, and may cause mineral deficiency and water stress (Doncheva et al., 2005; Kochian et al., 2005; Farias et al., 2011) . Studies carried out by Tamas et al., (2006) in barley found a gene linked to water deficit highly expressed under elevated aluminum concentrations. Okiyo et al. (2010) reported that crosses of sorghum genotypes tolerant to aluminum toxicity and drought-tolerant genotypes generated more productive progenies when subjected to these stresses simultaneously.
Studies have shown that growth of shoots under aluminum toxicity occurs later, possibly as a consequence of damages in roots. Aluminum toxicity can also cause inhibition or reduction in leaf photosynthetic parameters (Peixoto et al., 2002; Kochian et al., 2004; Kochian et al., 2005; Mihailovic et al., 2008) .
From the knowledge that aluminum toxicity and water stress affect root morphology and that this is an essential feature in the search for tolerant maize genotypes (Haling et al., 2010; Trachsel et al., 2011) , it was hypothesized that drought tolerant lines from the breeding program of CNPMS (Maize and Sorghum National Research Center) may also present mechanisms of tolerance to aluminum toxicity. Thus, the objective of the present work was to evaluate attributes of shoot and root dry mass and the root morphology of maize lines with contrasting drought tolerance in response to three levels of aluminum saturation.
Material and Methods
The experiment was carried out at CNPMS 
Results and Discussion

Dry mass production
Production of root dry mass (RDM) did no differ significantly between genotypes and levels of aluminum saturation at 14 days after seeding (DAS) ( Table 2) . Nevertheless, shoot dry mass (SDM) and total dry mass (TDM) presented significant differences between genotypes only for the intermediate level of aluminum saturation, especially the drought sensitive lines (Table 2 ). Among levels of aluminum saturation significant differences were observed for SDM and TDM, with saturation levels low and high presenting the higher means. On average, drought sensitive lines presented the higher productions of SDM. Regarding root dry mass/shoot dry mass ratio, no significant differences were observed between genotypes and aluminum saturation levels at 14 DAS (Table 2) . and total dry mass (TDM), and the drought sensitive genotype L4 presented the highest mean for shoot dry mass (SDM) ( Table 3) . Between genotypes, no difference occurred for RDM at any level. Production of SDM presented differences between genotypes at low and intermediate levels of aluminum saturation, and the drought-sensitive L4 line showed results significantly superior to the other lines evaluated. TDM production presented differences between genotypes only at the intermediate level of aluminum saturation, with the two sensitive lines significantly superior (Table 3 ).
An important fact observed for dry mass attributes was that drought sensitive lines (L2 and L4) presented, on average, greater dry mass accumulation than tolerant lines (L1 and L3) (Tables 2 and 3) . Studies in soybean and barley showed that despite the excess of aluminum results in a reduction in the attributes of root dry mass, genotypes tolerant to this condition present higher dry mass compared to sensitive genotypes (Ali et al., 2011; Yu et al., 2011) .
No significant difference was observed between genotypes regarding RDM/SDM ratio, but at 28 days after sowing (DAS), as shown in Table  3 , the higher level of aluminum saturation caused lower shoot dry mass (SDM) and RDM/SDM ratio, corroborating the theory that the effect of Al is more pronounced in roots than in shoots (Kochian et al., 2005) . According to Horn et al. (2006) , the RDM/SDM ratio is an important parameter for the evaluation of genotypes under different levels of aluminum saturation, because a high RDM/SDM is advantageous in conditions of low availability of nutrients and water in the soil.
Root Morphology
No significant difference was observed among the levels of aluminum saturation for root length (RL) at 14 and 28 days after seeding (DAS) ( Table 4) . On average, tolerant lines (L1 and L3) presented higher total length (TL) at 14 and 28 DAS. Difference was observed between genotypes at 14 DAS but only under the high level of aluminum saturation, with tolerant lines also presenting higher TL. At 28 DAS all levels caused significant differences between lines. (Table 4) . At 14 days after seeding (DAS) no difference was observed for root surface area (SA) under the three levels of saturation (Table 4) .
On average, tolerant lines (L1 and L3) presented higher SA and the same behavior was observed between the genotypes under the high level of aluminum. No difference was observed for SA at 28 DAS (Table 4) . (Henshaw et al., 2007) , drought (Hund et al., 2009 ), phosphorus deficiency (Magalhães et al., 2011) and nitrogen deficiency (Soares et al., 2009) . In the present study, good discrimination of roots was achieved.
In general, drought-tolerant lines presented the best results for the traits total length (TL), root surface area (SA) and root volume (RV), especially at 14 DAS (Tables 4). As for water stress (Hund et al., 2009 ) as for aluminum stress a well-developed root system is important for tolerance to these stresses. Imada et al. (2008) affirm that root surface area is the trait more related to nutrients absorption. Increase of root volume in cereals can cause a greater efficiency in absorption of nutrients. However, Costa et al. (2002) affirm that this condition is true only when the concentration of nutrients is the same in all root surfaces.
Thus, the different behavior of drought tolerant lines concerning these characteristics (TL, SA and RV) suggests that the genetic breeding for drought tolerance is related to aluminum tolerance, since the inhibition of the root system growth is the first symptom observed in plants subjected to toxic levels of aluminum (Horst et al., 2010) . Comin et al. (2006) , studying aluminum toxicity in maize observed that tolerant genotypes presented greater root system than sensitive. Martins et al. (1999) (Table 5) . Thick roots under high aluminum level evaluated at 14 DAS confirmed explanations that roots of plants grown in the presence of toxic levels of Al become short, thick and did not develop lateral roots, increasing susceptibility to drought and reducing the absorption of nutrients from soil solution (Bona et al., 1991; Kochian et al., 2004; Kochian et al., 2005) .
At 14 and 28 days after seeding, the mean of genotypes at the three levels of aluminum saturation for specific root length (SRL) and root length/shoot dry mass ratio presented the highest values for L1 and L3 tolerant genotypes (Figure 1 ).
It was observed in this study that drought tolerant lines presented the highest values for total root length/shoot dry mass ratio (TRL/SDM), demonstrating that these material spend most of their photoassimilates in root production. This would be a desirable characteristic because materials with greater root system would be more efficient in acquiring nutrients and water (Ryser, 2006) . Similarly, drought tolerant lines presented the highest values for specific root length (SRL). It is known that a higher SRL results in a higher exploration and acquisition of water and nutrients of soil per unit of carbon invested (Bouma et al., 2001) .
One can observe in Table 6 that roots of the very thin group were the main contributors to total root length (diameter inferior to 0.5mm). When evaluated the length of very thin roots (VTRL) no difference was observed at 14 days after seeding under the three saturation levels (Table 6) .
http://dx.doi. org/10.18512/1980-6477/rbms.v11n1p35-48 Revista (Table 6 ). At 28 DAS the behavior was similar, however a greater length of very thin roots (VTRL) was found for tolerant lines under low level of Al saturation instead of high (Table 6) .
No difference occurred among levels of Al saturation for thin roots length (TRL) at 14 days after sowing (DAS) ( Table 6 ). In mean of genotypes, tolerant lines stood out with higher TRL. Concerning the genotypes only under the high saturation level, significant differences occurred between lines. In this condition, tolerant again stood out showing higher thin roots length (TRL). For the evaluation of TRL at 28 DAS no significant difference occurred (Table 6 ).
Thick roots length (THRL) presented significant differences only at 14 DAS (excepting showed higher THRL and at the high saturation the highest lengths were found for lines L1 and L3 (tolerant) ( Table 6 ).
The present drought-tolerant lines presented greater amount of thin roots than sensitive, under high levels of aluminum saturation. The efficiency in absorbing nutrients such as aluminum has a direct relationship with length and average root diameter (especially thin roots), because these morphological attributes of the root system directly affect the surface of nutrients absorption (Fitter, 2002; Zobel et al., 2007) . 
Conclusions
Drought-sensitive lines stood out regarding dry mass attributes. Lines pre-selected for drought tolerance presented more developed root system compared to the sensitive under high levels of Al saturation, indicating that these materials are indirectly selected for tolerance to aluminum stress, when selected for higher drought tolerance.
